electrons in UO 2
− and the (7sσ g ) 1 (5fφ u ) 1 electrons in UO 2 . These observations are interpreted using multi-reference ab initio calculations with inclusion of spin-orbit coupling. The strong electron correlations and spin-orbit couplings generate orders-of-magnitude more detachment transitions from UO 2 − than expected on the basis of the Koopmans' theorem. The current experimental data on UO 2 − provide a long-sought opportunity to arbitrating various relativistic quantum chemistry methods aimed at handling systems with strong electron correlations. © 2014 AIP Publishing LLC.
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I. INTRODUCTION
Actinide chemistry has attracted extensive research attention in recent years because of its increasing importance in nuclear industry and environmental science. 1 The electronic structures of actinide compounds are extremely complicated due to strong electron correlation and relativistic effects. While electronic spectroscopy is critical for characterizing the electronic structure of molecules, interpretation and assignment of such spectra for actinides are challenging because of experimental difficulties and the lack of accurate theoretical data on the electronic excited states. Application of standard electronic structure methods developed for weakly correlated systems to actinides with an open 5f-shell is either inappropriate or inefficient. Therefore, high resolution electronic spectra are keenly needed, in order to develop and calibrate electronic structure models suitable for actinide systems, in which electron-electron correlations are strong.
The UO 2 molecule has been an important model system for actinide chemistry and has been extensively studied both experimentally and theoretically. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] UO 2 is known to be a linear molecule with a electron configuration. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The ground-state vibrational frequencies of UO 2 were measured in rare gas matrices. [2] [3] [4] An interesting matrix effect, that leads to the so-called groundstate reversal, was observed, where the ground state of UO 2 in the Ar matrix was shown to have changed to a 3 H g state with a (5fφ u ) 1 (5fδ u ) 1 configuration owing to strong (Ar) x -UO 2 interactions, 10, 16 although such a state switching was not observed in fluorescence spectroscopy of UO 2 in an Ar matrix. 9 The electronic spectroscopy of gaseous UO 2 has also been studied, confirming its 3 2u ground state and its first excited state of 3 3u with an excitation energy of only 360 cm −1 . 8 A number of excited states of UO 2 have also been observed and compared with theoretical results. [5] [6] [7] [8] [9] [12] [13] [14] The linear UO 2 molecule is relevant to the uranium oxide solids used as nuclear fuels and it can also be viewed as the two-electron reduced version of the ubiquitous uranyl dication (UO 2 2+ ). 17 Despite the large number of studies on the UO 2 molecule and its excited states, relatively little is known about UO 2 − , in which the U atom is in an oxidation state of III. The UO 2 − anion was observed in a Ne matrix 4 and in the gas phase by mass spectrometry. 18, 19 Its ground state was calculated to be 2 u with a (7sσ g ) 2 (5fφ u ) 1 electron configuration. 4 In this contribution, we report the first study of the UO 2 of molecules, providing direct information about electronic states or approximately the one-electron energy levels as predicted by the molecular orbital (MO) theory. As a cornerstone of modern chemical bonding models, the MO theory is a triumph for quantum mechanics. The validity of the MO theory was confirmed by PES since the 1960s. The Koopmans' theorem, which states that the ionization energy is directly related to the MO energies (IE i = −ε i ), is the bridge between PES and the MO theory. Despite its approximate nature, the Koopmans' theorem works surprisingly well for organic compounds, but breaks down frequently in inorganic compounds. In heavy-element systems, the failure of this theorem is expected, but it is difficult to be probed experimentally.
Here we show that the Koopmans' theorem breaks down severely for the electron detachment from UO 2 − , as a result of significant electron correlations. We report the first wellresolved PES spectra of UO 2 − , providing a wealth of experimental information on the excited states of the neutral UO 2 molecule, many of which are due to multi-electron transitions. We have performed highly accurate ab initio wave function theory (WFT) calculations using multi-configurational and the coupled cluster [CCSD(T)] approaches with corrections of scalar and spin-orbit coupling (SOC) relativistic effects to interpret the anion PE spectra. We show that the correlations are extremely strong between the U7s electrons in UO 2 − . Both the initial states (IS) and final states (FS) of the electron detachment from UO 2 − → e − + UO 2 have to be accurately calculated to understand the complicated PE spectra. The highly resolved PE spectra of UO 2 − thus provide a prototype for calibrating and benchmarking various relativistic quantum chemistry methods, especially those developed for systems with strong electron correlations.
II. EXPERIMENTAL AND THEORETICAL METHODS

A. Photoelectron spectroscopy
The experiment was carried out using a magnetic-bottle PES apparatus equipped with a laser vaporization cluster source, details of which have been published in Ref. 20 . Briefly, a uranium disk (Goodfellow Corporation) was used as the laser-vaporization target. The residual oxygen contamination on the target surface was sufficient to produce the desired oxide clusters with a helium carrier gas, which was seeded with 5% Ar to achieve better supersonic cooling. 21, 22 Negatively charged species were extracted from the cluster beam and analyzed in a time-of-fight mass spectrometer. The UO 2 − anions were mass-selected and decelerated before being photodetached by a laser beam at 193 nm (6.424 eV) from an ArF excimer laser, and 266 nm (4.661 eV), 355 nm (3.496 eV), or 532 nm (2.331 eV) from a Nd:YAG laser. Photoelectrons were collected at nearly 100% efficiency and analyzed in a 3.5 m long magnetic bottle. The resolution of the apparatus, E k /E k , was better than 2.5%, i.e., ∼25 meV for 1 eV electrons.
B. Theoretical methods
Theoretical studies were carried out using both DFT and WFT methods. DFT calculations were performed on 
UO 2
− and UO 2 using the generalized gradient approximation (GGA) with the PBE exchange-correlation functional 23 as implemented in the Amsterdam Density Functional (ADF 2010.02) program. [24] [25] [26] The Slater basis sets with the quality of triple-ζ plus two polarization functions (TZ2P) 27 were used, with the frozen core approximation applied to the inner shells [1s 2 -5d 10 ] for U and [1s 2 ] for O. The scalar relativistic (SR) effects were taken into account by the zero-order-regular approximation (ZORA). 28 Geometries were fully optimized at the SR-ZORA level.
We further carried out WFT calculations using advanced ab initio electron correlation methods implemented in the MOLPRO 2012.1 program. 29 The coupled-cluster approach with single and double and perturbative triple excitations (CCSD(T)) 30 and complete-active-space second order perturbation theory (CASPT2) 31 were used. The structures of UO 2 − and UO 2 were optimized at the level of CCSD(T) with the SR effects included (Fig. 1) . Single-point CCSD(T) energies of the ground state of UO 2 were calculated at the optimized geometry of UO 2 − , which accurately generated the first VDE, indicating that the theoretical methods used are adequate. To obtain the higher VDEs, we used the CASPT2 method to calculate the ground and excited states of UO 2 at the CCSD(T) ground-state geometry of the anion. The active spaces for the ground-and excited-state CASSCF calculations of UO 2 include 13 orbitals from the U 5f, 6d, 7s, and 7p shells, i.e., 2σ g , 1φ u , 1δ u , 1δ g , 2π u , 3π u , 2σ u , and 3σ u (Figs. 2 and 3) with 2 valence electrons designated as CAS (2, 13) . This relatively small active space is only suitable for electron detachments involving intra-atomic electronic states, which are the focus of this work. SO-averaged CASPT2 calculations were performed on all the triplet and singlet states produced by this active space. Individually optimized state-averaged (SA) CASSCF orbitals were used for gerade(g)-and ungerade(u)-symmetry triplet and singlet states, respectively. In the CASPT2 calculations, the ionization potential electron affinity (IPEA)-corrected zeroth-order Hamiltonian 32 was used with an IPEA shift of 0.25 au. To avoid intruder states and improve CASPT2 convergence, a level shift of 0.2 au was applied. The U 6s6p and O 2s2p shells were correlated in the CASPT2 calculations. The SO coupling was treated by a state-interacting method 33, 34 with SO pseudopotentials on the basis of SA-CASSCF wave functions of g and u symmetries, respectively. This is justified because g and u states do not mix under the influence of SO coupling. In the MOLPRO calculations, we used the Stuttgart energyconsistent relativistic 32-valence-electron pseudopotentials, ECP60MWB (U), and the corresponding ECP60MWB-SEG basis set for U [35] [36] [37] and the augmented polarized valence triple-ζ basis sets aug-cc-pVTZ for O. 38 To evaluate the error of the truncated atomic basis sets on ground-state geometrical structures of UO 2 − and UO 2 , we also performed CCSD(T) geometry optimization by employing a more accurate pseudopotential ECP60MDF and the corresponding basis sets of polarized valence quadruple-ζ quality for U 39 and the augmented polarized valence quadruple-ζ basis sets aug-cc-pVQZ for O. 38 The U-O bond length of UO 2 − and UO 2 increases by only 0.0076 Å and 0.0066 Å, respectively, showing that the atomic basis sets used are nearly converged toward the basis sets limit. The influence on geometrical structures from further basis set improvement can be neglected in this work.
III. RESULTS AND DISCUSSION
A. Photoelectron spectra of UO 2
−
The PE spectra of UO 2 − at four photon energies from 532 to 193 nm are shown in three strong PES bands are observed. The broad low binding energy band labeled as A should be due to electron detachments from the U-based non-bonding 7s5f orbitals, whereas the much higher binding energy bands D and E and the broad signals around 6 eV should be due to electron detachment from the deeper O2p-based bonding orbitals. Weak electron signals are also observed in the energy gap region between 1.5 and 5 eV in the 193 nm spectrum, but not well resolved. At 266 nm (Fig. 4(c) ) and 355 nm (Fig. 4(b) ), however, numerous sharp peaks are resolved for the weak signals above 1.5 eV in the energy gap region. The band A is also resolved in the 355 nm spectrum into a short vibrational progression (∼890 cm −1 ), which should be due to the symmetric stretching of UO 2 .
At 532 nm ( Fig. 4(a) ), band A is further resolved into numerous fine features, which should be due to the overlap of several electronic states. The peak X resolved at the lowest binding energy of 1.159 eV should correspond to the groundstate transition, which defines the adiabatic detachment energy (ADE) of UO 2 − or the electron affinity (EA) of neutral UO 2 . The separation of peak X and the onset of band A at 1.202 eV, which should correspond to the first excited state of UO 2 , is only 0.043 eV (350 cm −1 ). This quantity is in excellent agreement with the excitation energy of the first excited state of gaseous UO 2 reported previously, 8 as compared in Table I . In addition to the stretching progression, which is measured more accurately at 532 nm as 870 ± 50 cm −1 , a lower frequency progression of 250 ± 30 cm −1 was also resolved for band A. As will be shown below, this progression is due to excitation of the even vibrational quanta of the bending mode in band A. Another well-resolved feature B at 1.339 eV is observed, which is assigned as a new detachment channel and contains a possible vibrational progression of 810 ± 50 cm −1 . One weaker feature C is observed with a VDE value of 1.384 eV and is assigned as another detachment channel. Feature a at 1.282 eV is observed and assigned as a new detachment transition. The features a, B, and C are assigned tentatively as distinct detachment channels because they cannot be assigned as any vibrational excitations for band A. These assignments are compared with the calculated results in Table I .
The most significant and surprising observation is the nearly continuous weak photodetachment signals observed between 1.5 and 5 eV in the 193 nm spectrum, which give rise to a set of congested but well-resolved peaks in the lower photon energy spectra (Figs. 4(a)-4(c) ). Eighteen such peaks are tentatively identified up to 3.9 eV and labeled as b, c, . . . to s. No features are identified in the 4-5 eV range because of the low signal-to-noise ratios. The shapes and relative intensities of some of these weak features seem to vary with the detachment photon energies, suggesting that either there are more than one transitions in these features or they are wavelength-dependent. Because UO 2 − contains only three quasi-atomic U-based valence electrons (7s 2 5f 1 ), such a high density of detachment channels is not expected on the basis of the Koopmans' theorem. As shown below, these weak peaks are due to extensive two-electron detachment transitions, which are direct manifestation of the strong electron correlation effects in UO 2 − and the breakdown of the Koopmans' theorem. The VDEs of all the observed detachment transitions are summarized and compared with the theoretical data in Tables I and II .
B. Theoretical results and comparison with experiment
The optimized structures of UO 2 − and UO 2 at the level of CCSD(T) with the SR effects included are shown in Fig. 1 . The U-O bond length in the anion is 1.823 Å, which is comparable to the previously reported value of 1.828 Å at DFT/B3LYP level. 4 Neutral UO 2 has an optimized U-O bond length of 1.793 Å at the SR level, which is close to the reported 1.806 Å at the SR-CASPT2 level. 5 Previous calculations show that inclusion of spin-orbit coupling does not change the U-O distance significantly. The U-O bond length is 1.80 Å at the SO-CI level, 6 1.770 Å at the DC-FSCC level 14 and 1.766 Å at the SO-CASPT2 level. 5 While in general bond length depends on the atomic basis sets, electron correlation level, and spin-orbit coupling effect, 5, 14 our calculations using a more accurate pseudopotential and larger basis set for U and O indicate that the U-O bond lengths in UO 2 − and UO 2 do not change substantially, showing the influence on geometrical structures from further basis set improvement can be neglected at this level of theory.
To understand and to interpret the PE spectra of UO 2 − , we performed extensive calculations of the ground and excited states of UO 2 − and neutral UO 2 at the optimized geometry of UO 2 − . Fig. 2 shows the qualitative SR energy levels of the Kohn-Sham valence orbitals of UO 2 − , and the corresponding MO contours are shown in Fig. 3 . The U5f orbitals transform as fσ u (m = 0) + fπ u (m = ±1) + fδ u (m = ±2) + fφ u (m = ±3) in the D ∞h symmetry, where 5fφ u forms the 1φ u nonbonding MO and 5fδ u forms the 1δ u nonbonding MO in UO 2 − . The 1φ u and 1δ u MOs are almost degenerate in UO 2 − and UO 2 due to lack of orbital interaction with the ligands. The doubly occupied 2σ g MO mainly consists of the U7s orbital. The unoccupied 5fπ u (2π u ) and 6dδ g (1δ g ) MOs are only slightly higher in energy, whereas even higher lie the U7p-based orbitals (3π u and 3σ u ) of 
Detachment from the deeper O2p-based MOs would produce energetically much higher excited states of UO 2 . This picture qualitatively agrees with the 193 nm PE spectrum (Fig. 4(d) ). In particular, the features D and E should be due to detachment from the 1σ u MO, corresponding to the triplet (Table I) .
However, the one-electron MO picture at the HartreeFock or approximate Kohn-Sham levels and the Koopmans' theorem, involving only the initial state of the electron detachment, break down severely and cannot interpret the numerous fine PES features observed for UO 2 − , suggesting strong electron correlation effects. These multi-electron processes are called shakeup in PES. 45 Thus, the UO 2 final states with the inclusion of multi-reference configuration mixing and relativistic effects including SO coupling have to be considered, in order to understand the PE spectra. 1δu1φu + 1δ u 2π u + 1δ u 3π u (5f δ 5f φ + 5f δ 5f π + 5f δ 7p π ) 0.7380 5953 a 1 − u 1δ u 1δ g (5f δ 6d δ ) 0.7399 5968 a 3 H u 1φ u 1δ g (5f φ 6d δ ) 0.8280 6678 a 1 g 1δu 2 + 1φ u 3π u + 1φ u 2π u (5f δ 2 + 5f φ 7p π + 5f φ 5f π ) 0.9176 7401 a 3 u 1δ u 1δ g (5f δ 6d δ ) 0.9411 7591 a 3 + u 1δ u 1δ g (5f δ 6d δ ) 0.9882 7970
0.9904 7988 a 1 g 1δu1φu + 1δ u 2π u + 1δ u 3π u (5f δ 5f φ + 5f δ 5f π + 5f δ 7p π ) 1.1101 8954 a 3 u 1φu1δg + 2σ g 2π u + 2σ g 3π u (5f φ 6d δ + 7s5f π + 7s7p π ) 1.2090 9751 a 3 − u 1δ u 1δ g (5f δ 6d δ ) 1.2772 10 301 a 1 u 1φu1δg + 2σ g 2π u + 1δ g 2π u (5f φ 6d δ + 7s5f π + 6d δ 5f π ) 1.3429 10 831 b 3 − g 1φu 2 + 1δ g 2 + 1δ u 2 (5f φ 5f φ + 6d δ 6d δ + 5f δ 5f δ ) 1δu3π u + 1δ u 1φ u + 1δ u 2π u (5f δ 7pπ + 5f δ 5f φ + 5f δ 5f π ) 2.1590 17 413 b 1 g 1φ u 3π u + 1δ u 2 (5f φ 7p π + 5f δ 2 ) 2.3748 19 154 b 1 g 1δu3π u + 1δ u 1φ u + 1δ u 2π u (5f δ 7pπ + 5f δ 5f φ + 5f δ 5f π ) 2.4876 20 064 b 3 g 1φ u 2π u + 2σ g 1δ g (5f φ 5f π + 7s6d δ ) 2.5024 20 183 202 eV) , B (1.339 eV), and C (1.384 eV), respectively ( Table I ). The excitation energy of the 3 u state (350 cm −1 ) obtained from the current PES work agrees well with the previous value (360 cm −1 ) measured by the Heaven group for gaseous UO 2 . 8 As compared in Table I , the excitation energies obtained for the 1 u and 2 u states in the current study seem to be slightly higher than those obtained by the Heaven group for UO 2 isolated in an Ar matrix, 9 probably due to the approximation in CASPT2 and/or the non-negligible matrix effects. The calculated excitation energies for the 3 u , 1 u , and 2 u states from several recent theoretical studies [12] [13] [14] are also given in Table I for comparison.
The weak feature a observed at 1.282 eV (Fig. 4(a) and Table I ) is tentatively assigned to the lowest 4 g state with a calculated VDE of 1.283 eV. There is no other low-lying state below the 4 g state, in addition to the 3 u state. Hence, the two peaks between the origin of the A band and the feature a are assigned to the even quanta of the bending mode for the 3 u state of UO 2 . The average measured spacing is 250 ± 30 cm −1 , which gives a bending frequency of ∼125 cm −1 , in agreement with the 129 cm −1 bending frequency measured for the 3 u state by the Heaven group. 8 The ground-state detachment band X may also contain vibrational excitations. However, the relatively weaker intensity of the X band suggests that any vibrational peaks in the X band are likely to be buried under the features of the A band.
As mentioned above, the lowest 4 g state was suggested previously to be the ground state of UO 2 due to weak (Ar) x -UO 2 bonding in an Ar matrix. 10, 16 In our SO-CASPT2 calculation, the 4 g state relative to the 2 u ground state is 1001 cm −1 higher in energy. The SOCI calculations show that the 4 g state is 1642 cm −1 above the ground state. 6 However, the previous calculations listed in Table I higher than the 4 g state at the U-O bond length of 1.823 Å (3288 cm −1 at 1.770 Å), not supporting the proposition above. Because of the complicated nature of the PE spectra of UO 2 − , the above assignment is only semi-quantitative due to the approximation of the SO-CASPT2 approach and the relatively small CAS(2,13) active space used. Clearly the calculated excited-state energies significantly depend on the level of electron correlation and relativistic effects, in addition to the quality of the atomic basis sets. Evaluation of more accurate excited state energies would require much larger active space involving even higher-energy U orbitals and ligandbased orbitals and higher-level dynamic electron correlation than the PT2 level, especially when involving electron detachments from the oxygen atoms. 47 Quantitative assignments of the PE spectra of UO 2 − demands a thorough investigation of the convergence of the calculations with respect to active space and dynamic electron correlations. Such calculations are beyond the computing capability and the scope of the current work. Table II shows that the main electron configuration for the 1 u and 2 u states is 2σ g 1 1δ u 1 ( 3 u ), which cannot be accessed from the ground-state configuration (2σ g 2 1φ u 1 ) via one-electron transitions, as shown in Eqs. (1)-(3) . However, they can be accessed through two-electron transitions, i.e., the detachment of a 2σ g electron and at the same time the 1φ u electron is excited to the 1δ u orbital. These so-called shakeup processes are direct reflections of strong electron correlation effects. The observation of shakeup processes is a direct result of the multi-configurational nature and SO coupling in the ground state of UO 2 − , which contains a mixing of 12% 2 u (2σ g 2 1δ u 1 ) character (Table III) . In fact, except for the bands X and A, which correspond to 3 2u,3u derived by oneelectron transitions (Eq. (1)), all the other weak features observed between 1.5 and 5.3 eV are due to two-electron transitions, including the low-lying band a, which is assigned to the 4 g state. Our calculations reveal 62 such two-electron excited states up to a binding energy of 3.9 eV, which are compared with the experimental observation in Table II . All these states can be considered to be derived from one-electron detachment from one of the 2σ g 2 1φ u 1 orbitals with another electron simultaneously excited to a higher-lying unoccupied 5f, 6d, or 7p orbitals (Fig. 2 and Table II) , thus making all the U(5f 2 ), U(6d 1 5f 1 ) and U(7p 1 5f 1 ) electronic configurations accessible. The SR CASPT2 calculation results are shown in Table II . The SOC calculations on the excited states including these electron configurations can qualitatively account for all the observed weak features in the PE spectra, as shown in Table II . We note that the assignments of these weak features are semi-quantitative because of the extremely high density of states and the limitation of the accuracy of the approximate quantum mechanical and relativistic methods, as well as unsaturated atomic basis sets used for such a complicated system.
C. Extensive two-electron transitions and strong electron correlation effects
IV. CONCLUDING REMARKS
PES is the most powerful experimental technique to probe electron correlation effects in many-electron systems via the observation of shakeup transitions. 45 However, such clear and numerous shakeup peaks observed for UO 2 − in the valence range are unprecedented. This complexity happens because of the high density of the unoccupied and accessible valence orbitals (5f, 6d, and 7p). The strong electron correlation effects break down the one-electron MO picture and give rise to new excited states that would be difficult to be accessed in any other experiment. The strong electron correlations and spin-orbit couplings produce orders-of-magnitude more photodetachment transitions for UO 2 − than expected on the basis of the Koopmans' theorem. These experimental observations provide new features for the calibration of theoretical methods for actinide systems. The current PES data for UO 2 − provide both a challenge and an opportunity for various WFT and DFT methods aimed at treating molecular systems with strong electron correlation.
